Introduction
Intramedullary (IM) nailing is considered as the gold standard and preferred method for fixation of femoral shaft fractures because of the high rate of fracture union and low incidence of complications. 21, 22 The rate of removal of IM nails is low, 9 and it can be a challenging procedure, especially when the nail is bent or broken. 1, 7, [17] [18] [19] Furthermore, it is more complicated to remove a bent nail than a broken one because it is difficult to pass a bent nail through the IM canal. 10, 17 Several case reports have been published regarding different techniques for the removal of a bent femoral IM nail. [2] [3] [4] [5] [6] 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Most of these techniques require fracture exposure and a special cutting instrument for bone dissection or nail resection. Therefore, the potential complications from these procedures such as soft tissue damage, thermal necrosis or metal debris may affect fracture healing.
Herein, we present a novel, minimally invasive technique to remove a bent femoral nail without opening the fracture, bone resection or nail cutting in one patient.
Case presentation
One month following an antegrade femoral IM nailing for a Gustilo type I open fracture of the midshaft of the right femur, a 19-year-old man slipped during a rainstorm and consequently had severe pain and deformity of his right thigh where the nail had been inserted (Fig. 1 ). There were no other associated injuries such as an open wound or neurovascular injury.
A plain radiograph of his right thigh revealed anterolateral bending of the nail, and that the femoral shaft fracture was not completely united with some callus formation ( Fig. 2A and B) .
Nail removal and further internal fixation of the right femoral shaft fracture were indicated. The procedure was considered as urgent, and an operation was scheduled on the day of his arrival.
Surgical technique
Under general anaesthesia, the patient was placed in the supine position on a radiolucent operative table. Initially, closed manipulation of the bent IM nail and femoral deformity using the three-point manoeuvre as described by Patterson and Ramser 16 was attempted, but failed. Then the patient's position was changed to the left lateral decubitus orientation on the fracture table, as in a routine procedure of femoral IM nailing. First, two separate 2.5 cm skin incisions were made at the lateral aspects of the proximal and distal thigh ( 
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Injury Extra j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / i n e x t incision. After preparation of the submuscular tunnel, a 16-hole reused broad locking plate (5.0 mm; Synthes GmbH, Oberdorf, Switzerland), which had been precontoured to fit the lateral aspect of the femur (plastic bone; Fig. 4A-C) , was inserted from the proximal to the distal incision following the track previously made by the tunnelling instrument (Fig. 5) .
After the proper position of the plate was achieved by using an image intensifier, two locking screws were inserted to fix the plate with the proximal femur ( Fig. 6A and B) .
The next step was applying a collinear reduction clamp (Synthes GmbH, Oberdorf, Switzerland) at the distal incision to bring the distal femur into the contact with the distal part of plate ( Fig. 7A and B) . By tightening this reduction clamp, force was applied over the convexity of the bone and bent nail through the plate, and gradually increased until the deformity at femoral shaft was corrected and the bent nail was straightened, carefully managed under fluoroscopic control ( Fig. 8A and B) . Then distal plate fixation was performed by insertion of one locking screw distal to the tip of the nail, after which the collinear reduction clamp was removed. There was no additional fracture exposure, bone resection or nail destruction. The interlocking screws were removed and the bent nail was extracted smoothly through the original incision at the hip (Fig. 9 ). The femoral canal was then reamed to a circumference 2 mm greater than the diameter of the original nail, and a new nail, 1 mm larger in circumference than the original nail was inserted. After that the temporary locking plate and screws were removed.
Finally, four interlocking screws were inserted through the new nail as a static mode without bone grafting ( Fig. 10A and B ).
There were no complications post-operatively. Four months after the second surgery, fracture union was complete ( Fig. 11A  and B) , and the patient had regained full range of motion of the hip and knee with normal gait (Fig. 11C and D) .
Discussion
Bent nails commonly result following a secondary trauma, while the major causes of broken nails are nonunion, unstable or comminuted fractures and pathological fractures. 5 Because a bent nail usually blocks the IM canal, extraction of a bent nail is more serious and difficult than the extraction of a broken nail. 10, 17 Variable techniques have been proposed for the removal of a bent femoral IM nail. [2] [3] [4] [5] [6] 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] However, there is still no universally accepted method. Patterson and Ramser 16 described in situ straightening of a bent nail through the application of external force on the femur, but this technique does not work in high-strength nails. 2 Opening the fracture site, complete cutting the nail and removing each piece separately has been also reported. [11] [12] [13] 18 Another approach has been to partially cut a nail Fig. 5 . The locking plate was inserted from the proximal to the distal incision. Fig. 6 . The plate was fixed to the proximal femur with two locking screws (white arrows; A and B). Fig. 7 . A collinear reduction clamp was applied to hold the plate with the distal femur at the distal incision (A and B) .
at the apex of the deformity after exposure of the fracture 2, [4] [5] [6] 8, 14, 15, 19 or using a percutaneous technique, 3 straightening the nail through closed manipulation and then removing the nail as a single unit from the previous nail insertion incision. Most of these methods require opening the fracture and bone sectioning, which damage the surrounding soft tissue and may interfere with fracture healing. 6, 14, 17, 19 Soft tissue contamination from metal debris and thermal necrosis from nail resection by using the special cutting equipment are the major concern of these techniques.
In this study, we demonstrate a novel technique for removal of a bent femoral IM nail using the combination of a locking plate and a collinear reduction clamp. The advantage of this technique is that it is a minimally invasive procedure with no fracture exposure, no need for bone resection, no metal debris and no thermal necrosis from nail cutting. Furthermore, the collinear reduction clamp has a hook which is designed to pass around the bone with minimal disturbance to the soft tissue.
There was a low risk of iatrogenic fracture during the bent nail extraction from this technique because the plate and reduction clamp temporarily reduced the fracture. Furthermore, the locking plate is an angular stable implant which allows the use of multiple unicortical locking screws at the proximal femur with the IM nail inside. Therefore, the nail exchange was an easy procedure because there was the temporary fixation of the locking plate without the obstruction from the unicortical locking screws.
Although the nail was straightened almost to the original shape in our case, the remaining deformity of the nail may still interfere Fig. 8 . The collinear reduction clamp was tightened to gradually reduce the femoral deformity and straighten the bent nail (A). There was 58 varus angulation after straightening the nail (B). Fig. 9 . The extracted nail still had a varus deformity. with the IM canal during nail extraction. Therefore, it is necessary to use an image-intensifier to check the position of the nail to avoid further iatrogenic fractures. Furthermore, the collinear reduction clamp we used is an expensive device which is not available in every hospital. However, another reduction clamp such as a boneholding forceps 17 or a Lane bone holding clamp which has enough power to straighten the bent nail may be used as an alternative instrument.
Conclusion
We propose a novel minimally invasive technique for removal of a bent femoral IM nail by using a locking plate and a collinear reduction clamp. This technique is a simple and effective method for straightening and then removing a bent nail without disruption of the fracture healing and minimal damage of the soft tissue.
